Metamorphosis is a postembryonic developmental process that involves morphophysiological and behavioral changes, allowing organisms to adapt into a novel environment. In some amphibians, aquatic organisms undergo metamorphosis to adapt in a terrestrial environment. These organisms experience major changes in their circulatory, respiratory, digestive, excretory and reproductive systems. We performed a transcriptional global analysis of heart, lung and gills during diverse stages of Ambystoma velasci metamorphosis. In our analyses, we identified eight gene clusters for each organ, according to the expression patterns of differentially expressed genes. We found 4,064 differentially expressed genes in the heart, 4,107 in the lung and 8,265 in the gills. Among the differentially expressed genes in the heart, we observed genes involved in the differentiation of cardiomyocytes in the interatrial zone, vasculogenesis and in the maturation of coronary vessels. In the lung, we found genes differentially expressed related to angiogenesis, alveolarization and synthesis of the surfactant protein. In the case of the gills, the most prominent biological processes identified are degradation of extracellular matrix, apoptosis and keratin production. Our study sheds light on the transcriptional responses and the pathways involved in the transformation of the facultative metamorphic salamander A. velasci in an organ-specific manner.
Introduction
Metamorphosis is a dynamic postembryonic developmental process that involves changes in morphophysiology of the transformed organism. This process is widely distributed in many invertebrate and vertebrate groups 1 such as cnidarians, insects, fishes and amphibians. During metamorphosis, a series of changes take place to allow the organism to adapt in different environments 2, 3, 4, 5 . In amphibians, this process allows aquatic tadpoles to transform into terrestrial juvenile organisms 1, 6, 7, 16 . This metamorphosis process is under the control of thyroid hormones (THs) 1 . Once liganded with THs, the thyroid hormone receptor-retinoic acid receptor (TR-RXR) heterodimers recruit coactivators and induce the transcription of its target genes, which in turn direct the cellular metamorphic reprogramming events 1, 6, 7 .
Metamorphic functional changes occur in the nervous, respiratory, circulatory, digestive, integumentary and reproductive systems 6, 8 . The changes involve pivotal cellular and tissular processes such as cell differentiation, cell proliferation, programmed cell death and tissue remodeling 4, 9, 10, 15 . For example, in Xenopus laevis metamorphosis, in the tail, gills and interdigital tissue the process that predominates is tissue remodeling 11 , while in the nervous and digestive systems the predominant process is cell differentiation 8, 11, 12, 13, 14 .
On the other hand, several studies of metamorphosis have been carried out using as experimental model salamanders from the Ambystoma genus. In this genus some species can not undergo metamorphosis and keep juvenile traits all their life cycle, in a phenomenon called neoteny, while others can metamorphose into terrestrial organisms 17, 18, 19 . In Ambystoma mexicanum, which is a neotenic species, the metamorphosis is induced by the application of exogenous Thyroxine (T4) 20 and morphological changes were identified in different organs during metamorphosis. For example, in the metamorphic heart, similarities are observed in terms of cardiomyocyte dispersion and organization of the ventricular tissue 21 . However, the characterization at tissular level and the formation and organization of the valves and the atrial zone has not been thoroughly described. With respect to the lungs, an increase was observed in the alveolar cells that have a function in pulmonary respiration 21 . Changes were also found in the thyroid gland 22 , and in the size of the organism that decreases during metamorphosis 23 . Externally the epidermis of induced individuals is formed of keratinized stratified squamous epithelium 24, 25 . Finally it was also found that genes involved in neural development are altered during metamorphosis 26 .
The previously described studies have been of value to understand in more depth the process of metamorphosis in urodele amphibians. However, it has been reprted for some neotenic species that T4-induced organisms do not develop normally and their viability is affected after the transformation, depending on the genetic background lines used 66 . Among the Ambystoma genus, several other species have the capacity to metamorphose in response to environmental changes, such as Ambystoma velasci, a facultative metamorphic species endemic to Mexico.
In this study we use A. velasci as the experimental model, in order to understand the transcriptional changes in respiratory and circulatory systems along the transition of the organism from aquatic to terrestrial environments. We selected heart, lungs and gills as the main target tissues to explore their transcriptional programs during five stages of metamorphosis. According to the gene ontology term-enrichment analysis, we identified the genes involved in synthesis, perception and response of TH in the three organs studied. In the metamorphic heart, we observed transcripts that are differentially-expressed involved in the differentiation of cardiomyocytes, particularly in the development of the interatrial zone, vasculogenesis and in the maturation of coronary vessels. In the lung, we observed genes related to hematopoiesis, angiogenesis and synthesis of the surfactant protein.
In the gills, the most prominent biological processes identified are degradation of extracellular matrix, apoptosis and keratin production. This allows us to propose A. velasci as an excellent model to characterize the morphological and physiological changes caused by the diverse genetic programs underlying this interesting, and still intriguing, developmental process.
Materials and Methods
Sample preparation. Aquatic specimens of Ambystoma velasci of 13-15 cm of total length, were collected from Tecocomulco lake (Hidalgo, Mexico; 19.8649° N, 98.3910° W). These organisms were kept in glass containers with antichloride-treated water and weekly water renewal, with a 12/12 cycle of light/darkness in a constant temperature of 17ºC. Organisms were all fed 5 times a week with a diet composed of red worm (Lombricus terrestris) and water flea (Daphnia magna).
Metamorphosis induction and morphometric analyses. Metamorphosis was induced in 30
organisms with applications of 50 nM T4 hormone (Sigma T2376, St. Louis, MO) every third day 23, 24, 26 . During this process phenotypic changes that delimit one phase to the next occur. In this sense, a daily monitoring of the morphometric characteristics was performed measuring: Total length (TL), Snout-cloaca length (SCL), Total tail width (TTW), Tail dorsal width (TDW), Tail ventral width (TVW), Gill length (GL) and weight (g) 20, 23 . We analyzed statistically the morphometric characteristics during the metamorphosis process, the metamorphosis stages were determined for TDW and GL characters (p<0.05). Using morphological traits, samples were collected in stage 0 (S0) premetamorphosis at 0 hours, stage I (SI) at 12 hours post-induction, stage II (SII) at 36 hours postinduction, stage III (SIII) or metamorphosis climax 6-12 days post-induction, and stage IV (SIV) or post-metamorphosis 17-23 days post-induction, respectively. To minimize biological variance, 15 individuals were sacrificed, using three individuals in each stage. Were anesthetized in 0.01% benzocaine and dissected the heart, lungs and gills. For the gills in SIV, a sample of skin tissue was sampled from the head region where the gills once were.
Animal experimental procedures approval. The animal experimental procedures were performed according to the Mexican Official Norm (NOM-062-ZOO-1999) "Technical Specifications for the Care and Use of Laboratory Animals" based on the Guide for the Care and Use of Laboratory Animals "The Guide", 2011, NRC, USA with the Federal Register Number # B00.02.01.01.01.0576/2019, awarded by the Secretaría de Agricultura y Desarrollo Rural (SADER) who is the federal authority that verifies the compliance of the Mexican Official Norm in Mexico. The Institutional Animal Care and Use Committee (IACUC) from the Center of Advanced Research and Advanced Studies (CINVESTAV) approved the project "Management and husbandry of Ambystoma spp and experimental processing of tissue for functional analyses and genetic expression" ID animal use protocol number: 0209-16.
RNA extraction and Illumina sequencing. Total RNA was isolated using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), from 45 tissue samples (3 different tissues -Heart, Lung and Gills-) from 3 independent organisms for each of the 5 time points of metamorphosis tested. Each RNA sample was analyzed for quantity and purity with Bioanalyzer. From each tissue and time point, 3 independent RNAs were pooled and from such 15 pooled (3 organs/5 stages) RNAs, libraries were generated using TruSeq protocols and sequenced in 2X100bp format in Illumina HiSeq2500 platform. The sequencing was generated at the UGA-CINVESTAV genomics services.
De novo transcriptome assembly and annotation. In order to obtain high quality readings, the readings obtained from the sequencing were filtered following a quality (greater than 20) using Trimommatic v0.36 software, and the sequences of the adapters were eliminated. The clean reads were assembled de novo using Trinity software v2.0.6 67 . After assembly, the libraries were combined (the contigs were put together in a single fasta file) and the similar sequences were grouped with CD-HIT-EST, which align the sequences in pairs and group them if they have an identity> 95% and coverage> 95%, already with the groups generated, only the largest contig was reported, eliminating the redundancy of the libraries and leaving only the transcripts that best represent the transcriptome. The high quality readings were mapped to the assembled transcriptome with Kallisto v0.42 68 to obtain an estimate of the relative levels of expression in each organ of five stages in metamorphosis. Each sample was quantified separately reporting the observed and adjusted counts of each sequence, in addition to its value in Million Count (CPM). The data for each sample were described in a table, which reports for each representative transcript sequence its value in effective (adjusted) counts, that is the entry point of edgeR.
Differential transcripts expression analysis. In edgeR, the data in estimated counts was normalized (the default algorithm is the TMM) and the expression tables were generated. The selection of differential transcripts was made, comparing the conditions against stage 0 or control, selecting transcripts with Fold Change (enrichment)> 1X and False Discovery Rate (FDR)<0.05. From this list of differentially expressed transcripts, we considered three selection criteria for the transcripts of interest; a). The values of p-value and FDR, b). The expression patterns, the transcripts at each stage of the metamorphosis were also considered, that is, those that will only be expressed at a specific stage, gradually increasing, gradually decreasing and those that remain unchanged in their expression, c). Gene Ontology analysis, the biological event in which these genes were involved. GO enrichment analysis. Subsequently, an enrichment analysis of Gene Ontology (GO) categories were performed for the genes that were found as differentially expressed and enrichment in each organstage, in PANTHER Classification System software 69 . GO is a bioinformatics tool that unifies the criteria for gene annotation and the biological functions attributed to them. Panther GO, database covers five domains: Molecular Function MF (nine subcategories), Biological Process BP (15 subcategories), Cellular Component CC (eight subcategories), Protein Class PC (26 subcategories) and Pathway (162 subcategories). Only GO categories with a FDR<0.05 were considered.
qRT-PCR.
To determine the expression patterns of specific DEGs, we selected a group of genes related to the pathway of THs suchs as those for thyroid hormone synthesis (Avtg and Avdio2), thyroid hormone receptors (perception) (AvTRα, AvTRβ, AvRXRα and AvRXRβ) and thyroid hormone response (Avhbe and Avhba) for the three organs. As well as for DEGs which homologs have been related to the biological processes of heart formation and function. The transcripts of these genes were quantified in each organ and stage by qRT-PCR. For this assay, a different group of organisms of those used for the RNAseq approach were used. Total RNA was isolated, using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), from 3 different tissues (Heart, Lung and Gills) from 3 independent organisms for each of the 5 time points of metamorphosis tested (in total 45 RNA samples). Each RNA was converted independently in cDNA using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific). Real-time quantification was performed using SYBR Green Master Mix in 10-μL reactions. The primers sequences used for qRT-PCR amplification are listed in STable 12. PCR was performed using a program of 95ºC for 10 min and 40 cycles of 95ºC for 15 sec and 60ºC for 1 min (STable. 12). The expression levels of genes were normalized to the expression of GAPDH. The standard curves were quantified PCR products of 10-fold serially diluted, and linear regression equations and R 2 was made in Microsoft Excel (STable. 13). The real-time PCR amplification efficiency was calculated as E=[10 (-1/slope) ]-1. The relative expression levels of genes were calculated as 2 -CT . Technical triplicate was done for each primer pair tested. The statistical analyzes were performed on the mean and standard deviation for the technical triplicates of each biological replicate. (For more details consult the KRT table -Key Resources Table-) .
Results

Characterization of the metamorphosis stages in Ambystoma velasci.
The metamorphosis was induced with 50 nM of T4 and the periodicity of T4 application is shown in Figure  1 (a). To define the major stages of metamorphosis in A. velasci, we recorded data of diverse morphometric criteria every day until the end of the process (Fig. 1b ). Our morphometric analyses are quite similar to those previously reported in several other studies for Ambystoma species metamorphosis 20, 25 , the parameters measured were total length (TL), snout-cloaca length (SCL), total tail width (TTW), tail dorsal width (TDW), tail ventral width (TVW), and gill length (GL). Our statistical analysis showed that the measurements that constantly reduce during the metamorphosis process are: GL (p<0.05) and TDW (p<0.05) ( Fig. 1c , SFig. 1, and STable 1). At SI and SII, a tendency was observed in the reduction of 14-24% of the GL with respect to the initial length. In SII, the weight (STable 1), TL and SCL remained stable. At SIII, GL continues to decrease their length up to 50-75%, TDW is reduced between 20-40%. By SIV, branchial tissue has fully degraded and TDW is reduced between 85-100% in this stage ( Fig. 1c ). Based on the changes measured for GL and TDW, we classified the A. velasci metamorphosis process in the following stages: Stage 0 (S0) or premetamorphosis, Stage I (SI) at 12 hours post-induction (hpi), Stage II (SII) at 36 hpi, Stage III (SIII) metamorphosis climax a 6-12 days postinduction (dpi), and Stage IV (SIV) postmetamorphosis a 17-23 dpi ( Fig. 1d ).
Figure 1. Determination of metamorphosis stages in A. velasci organisms. (a)
Time points for application of 50 nM of T4 and for morphometrics recording from day 0 to day 23 postinduction. (b) The morphological parameters measured were total length (TL), snout-cloaca length (SCL), total tail width (TTW), tail dorsal width (TDW), tail ventral width (TVW), and gill length (GL). The stages of metamorphosis were established based on (c) statistical analysis of the morphometric characteristics which allowed us to divide the process in (d) stage 0 (S0) where the juvenile organisms are aquatic, stage I (SI) or prometamorphosis at 12 hours postinduction (hpi), in which a reduction of 14% of the GL was observed, SII at 36 hpi, where GL has reduced by up to 24%, stage III (SIII) or Climax a 6-12 days postinduction (dpi) is characterized by the reduction of 50-75% of the gills and stage IV (SIV) a 17-23 dpi when the gills have completely disappeared and the organism has fully transformed to terrestrial (n=30), the X axis the days and metamorphic stages, and Y the morphometrics characteristics. Scale bar is 1cm. For a more detailed view of the morphological changes see Supplementary video 1, Metamorphosis stages of A. velasci. Illustration in (a) created with Biorender.com.
De novo transcriptome assembly and annotation. From the previously described characterization, we selected five metamorphosis stages (S0 to SIV) in A. velasci to profile and analyze the transcriptional landscape of heart, lungs and gills during metamorphosis. For each stage, the heart, lungs and gills of 3 organisms were dissected and total RNA extracted. The concentration and integrity of the RNA was verified and a pool made from the 3, independently isolated, RNAs of each organ and stage was used for the preparation of 15 libraries. Paired end sequencing delivered 58, 191 ,270 raw reads for heart, 60,077,384 for lung and 66,903,152 for gills, these reads represent the total read combining the five stages sampled per organ. Processed and clean reads were assembled in a total of 187,627 coding transcripts for heart, 211,100 coding transcripts for lungs and 226,738 coding transcripts for gills, the global and the stage-specific transcripts and reads are resumed in Table 1 . In addition, we verified the reads coverage per library to the full assembled transcriptome, we found that >93% raw reads aligned to the transcriptome in each library (STable 2). Table 1 . Global transcriptional analysis of diverse organs in five metamorphosis stages. Numbers resulting from diverse analyses after sequencing-assembly and coding transcripts in heart (H), lung (L) and gills (G), in five different metamorphosis stages of A. velasci, where S0 represents the premetamorphic organism, SI at 12 hours postinduction (hpi) with T4, SII at 36 hpi, SIII at 12 days postinduction (dpi) and SIV at 23 dpi.
Differential Genes expression (DGE) analysis per stage and organ during A. velasci metamorphosis.
In order to identify differentially expressed genes (DEGs) in each stage and organ, we performed comparisons among heart, lung and gills and between stages per organ, using S0 as the baseline (S0 vs. SI, SII, SIII and SIV) with the edgeR software. Interestingly in heart the number of DEGs is higher at SIII compared to lung and gills, where an increase can be observed clearly at SIV (Fig. 2 ).
Figure 2. Differential Gene Expression (DGE) in diverse organs during the metamorphosis stages.
In the X axis the 3 different organs at each metamorphosis stage are labeled. Purple bars for the heart, green for lung and turquoise for gills. The S0 represents the aquatic organisms, SI-12 hours postinduction (hpi) with T4, SII-36 hpi, SIII-12 days postinduction (dpi) and SIV-23 dpi. The Y axis represents the number of differentially expressed transcripts. Stage 0 is used as a baseline for comparison.
Stage /organ-specific Up and Down regulated transcripts.
The identified DEGs among the five stages for each A. velasci organ analyzed were clustered and represented in heat maps ( Fig. 3a-c) . We divided the DEGs patterns into eight different groups according to their Fold Change (enrichment)>1X, p-value<0.05 and an adjusted p-value for FDR<0.05 ( Fig. 3d ) for each organ. Such clusterization allowed us to identify stage-specific and highly expressed genes, enriched genes along all the stages, genes which expression gradually increase during the process and those gradually decreasing (Fig. 3d ). representation of all the patterns followed by differentially expressed genes. Genes were grouped by expression pattern as enriched or stage specific (S0, SI-12 hpi, SII-36 hpi, SIII-12 dpi and SIV-23 dpi). Besides stagespecific enriched pattern, those with enriched expression during metamorphosis, those with increasing gradient expression and those with gradually decreasing expression were identified and grouped. SE in (d) for S0 means Stage-enriched.
Gene ontology analysis of DEGs per stage and organ.
To shed light on the putative molecular pathways that underlie the biological processes along metamorphosis, the 4,064 DEGs in heart, 4,107 in lung and 8,265 in gills, were subclassified into eight major clusters: Enriched genes, gradually increasing, gradually decreasing, stage-specific genes in S0, SI, SII, SIII, and SIV (STable 3-5, Figure  3 ). The genes grouped in each of the eight different clusters for heart, lung and gills were then analyzed to define enriched functional categories by using PANTHER 14.0 Classification System (STable 6-8 GO categories and STable 9-11 GO subcategories).
The GO analysis reveals that different biological processes are involved in the organs of the respiratory and circulatory systems during metamorphosis. Globally, in the enriched-genes cluster in all tissues the most represented subcategories are binding (GO:0005488), catalytic activity (GO:0003824), and developmental process (GO:0032502). The most enriched Biological Process (BP) subcategory in heart and gills was metabolic process (GO:0008152), while for lung it was cellular process (GO:0009987) ( Fig. 4b, SFig. 2 and 3) . Interestingly in the subcategory metabolic process (GO:0008152), for the three organs, we identified the homologous of the hbe1 gene, which codes for a type of hemoglobin that is expressed in embryos and that has been described as a TH-responsive gene 33 .
In heart-enriched genes, as part of the binding subcategory (GO:0005488), we identified genes that are involved in the differentiation of cardiomyocytes (gata4 27 ), and the heart atrial zone development (myl7 28 ). Also genes that participate in heart morphogenesis such as myh4, MYH4 is considered a structural constituent of the cardiac muscle 35 . We also identified bmp4 that codes for BMP4, a ligand involved in the TGF-β pathway which is expressed in developing and adult heart 29 . Another gene differentially expressed in this subcategory is nkx2.5, which is expressed during embryogenesis and adulthood in human heart 32 .
Interestingly, in the cluster of genes enriched in the lung (STable 7 and 10, SFig. 2a), one of the most represented subcategories is binding (GO:0005488), that is related to lung development. In this subcategory we identify the homologous gene for Tbx4 41 and Foxa2. Foxa2 is involved in the synthesis of surfactant protein that is carried out in the alveolar cells type II in mammals 62 . While some genes enriched in gills, as part of binding (GO:0005488) subcategory (STable 8 and 11, SFig. 3), such as pkp1 and lgals1, are involved in ectoderm morphogenesis during embryonic development in mammals 49 and in regulating apoptosis, cell proliferation and differentiation 50 .
Focusing on the GOs for the gradually decreasing transcripts, we observed that in the lung, the Avhoxc8 expression is decreasing during metamorphosis, correlating with the functions of this gene in cell proliferation and differentiation 42 . With a similar expression pattern, we identify rhcg in the gills, that codes for Ammonium transporter type C, a membrane protein that excretes ammonium and plays a role in pH regulation in aquatic animals 51 .
Interestingly in SI in the heart, we identified as the most enriched subcategories catalytic activity (GO:0003824) and binding (GO:0005488). In these subcategories, we found tgfbr1 and smad4, these both are factors of the TGF-β pathway. This pathway is critical for maintaining cardiac function and for cardiomyocyte survival, and has been described as activated in response to THs 29 . Another biological process identified in the heart is that of the homeostasis of the organs 36 in which stx5 is upregulated in this process. Regarding the lung, we were able to identify the gene jag2, Jagged2 is a ligand than binds NOTCH1, with important roles in embryo development and stem cells maintenance 43 . Another enriched subcategory is catalytic activity (GO:0003824), which includes uts2r, a gene coding for the Urotensin II receptor, which is highly expressed in the human lung and has been implicated in regulating the respiratory physiology in mammals 44 . Particularly in the gills we identified hoxa7, involved in regulating the expression of differentiation-specific keratinocyte genes 52 . As results of the analysis to identify enriched functional categories of BPs in the heart at SII, we found that the subcategory developmental processes (GO:0032502) is enriched, in which the expression of genes related to the development of the vasculature of the coronary arteries and the atrial septum formation is high, such as gli3 and pka that participate in the SHH pathway 34 . As well as myh6, that has been reported as expressed in the developing heart 56 . We also identify adora3 that codes for the Adenosin receptor 3, that participates in the regulation of heart rate 37 . In the lung, some upregulated genes involved in hematopoiesis and cilia structure and function in the respiratory system, as mecom 45 and dnah11 46 respectively. We also identified in the gills the subcategory metabolic process (GO:0008152) in which we found krt7, Keratin type II involved in development, differentiation and maintenance of simple and a transitional epithelia 53 , a gene which expression has been shown to be regulated by hoxa7.
Interestingly, in the metamorphosis climax or SIII, in the heart and lung we identified in the binding subcategory (GO:0005488) the up-regulation of genes which are related to the immune response. In the heart, hla is expressed in the microvascular endothelium in endocardial cells from humans with myocarditis 30 . Some of the genes involved in the development of the vasculature of the coronary arteries and the atrial septum formation, are also upregulated at SIII. We also observed an enriched expression of gata4, that in addition to being enriched in the heart is involved in the differentiation of cardiomyocytes. Another of the processes that are enriched is that of homeostasis of the heart, we identified as upregulated Avmas, which human homologue participates in the Renin-Angiotensin-Aldosterone (RAAS) pathway, that modulates liver, kidney and heart homeostasis 57 . While in the lung we found upregulated Avfcn1, which homologue in human codes for Ficolin-1, a protein involved in complement system activation of the immune system 47 . In the same subcategory in gills we find Avadamts10, ADAMTS10 is a metalloproteinase that in humans, that participates in morphogenesis, remodeling, and vascularization 54 .
When the metamorphosis reaches the end at SIV, organisms are capable of living in a terrestrial environment. In such a stage we identified among the upregulated genes in the BP category in the heart, Avthsd7. In humans, this gene codes for Thrombospondin 1, a component of the ECM (extracellular matrix) and is involved in maintaining heart structure and blood vessels, the control of cell growth, regulation of diastolic stiffness, as well as in tissue repair when cardiovascular damage and inflammation occurs 31 .
One of the last processes of pulmonary maturation in mammals involves the formation of alveoli, which are specialized structures in gas exchange 48 . In this sense in the lung in the subcategory binding (GO:0005488), we identified upregulated angptl3 that codes for Angiopoietin 5, which is involved in the processes of angiogenesis and alveolarization 48 . Also in this stage the gill tissue has disappeared completely ( Fig. 1d ), interestingly we find timp2, that is a metalloproteinase inhibitor (TIMP2) 54 .
We analysed the functional subcategories enriched using as a filter of analysis the Pathway category in the heart (Fig. 4d ), we found pathways related to myocardial function. In the cluster of gradually increasing genes in the GABA-B receptor II signaling subcategory (P05731) we identify Kcnj3 that in mammals is involved in the depolarization and repolarization of the cardiac action potential 38 . In the SI the most enriched subcategory was Integrin signalling pathway (P00034), we found genes related to cell proliferation and chamber maturation in cardiac development in mammals 39 . In the SIII we also identified genes involved in the formation of the coronary vessels in the atrial-ventricular zone in mouse 40 , grouped in the Inflammation subcategory (P00031). Regarding the lung, the pathway most represented in the process of metamorphosis is the Angiogenesis pathway (P00005). In the Y axis the subcategories of the gene ontology are represented, in the X axis the number of genes enriched in each subcategory. The clusters are represented by different colors: purple for heart-enriched genes compared to lung and gills, orange for gradually increased expression, red for transcripts enriched in S0, blue for SI-12 hpi, brown for SII-36 hpi, green for SIII-12 dpi and turquoise for SIV-23 dpi.
Expression patterns validation for diverse A. velasci homologs of TH-related genes.
In order to determine the expression patterns of genes whose homologs have been shown in other organisms to be involved in the TH pathway, we analyzed by qRT-PCR their transcript levels along the diverse stages of metamorphosis in heart ( Fig. 5 ), as well as in lungs and gills (SFig. 4 and 5). The expression patterns of the four thyroid hormone receptors AvTRα, AvTRβ, AvRXRα and AvRXRβ were validated by qRT-PCR (Fig. 5a ). Higher levels of the transcripts corresponding to AvTRα, AvRXRα and AvRXRβ receptors were observed during SIII, while the transcript levels of AvTRβ receptor are, almost exclusively, expressed in SIV. Our qRT-PCR-based analyses also show that by stages SIII and SIV the transcript levels of Avtg, the homolog of the protein involved in the synthesis of the major precursor of the thyroid hormone 55 , are induced. We also confirmed that higher levels of transcripts of Avdio2 (Fig. 5b) , were present in SIII. The transcriptional induction of the thyroid hormone-responsive genes Avhbe and Avhba 26 , which expression is higher in SI and SII, respectively, was also confirmed by qRT-PCR (Fig. 5c ). 
Validation of DEGs of diverse A. velasci homologous genes involved in heart development and function.
We also selected a group of genes involved in heart development, to determine their expression patterns by quantifying their transcript levels using qRT-PCR. According to our transcriptomic data, in the gradually increasing genes (Fig. 3d) was Avsmad6, our qRT-PCR analyses showed that the transcript levels of this gene increase through all metamorphosis stages (Fig.  6) . In contrast, the gradually decreasing expression pattern observed for Avmyl7 in the transcriptomic analysis, was not confirmed by qRT-PCR, instead a very specific expression in SI was observed (Fig.  6) . The SII-enriched expression of Avmyh6 was confirmed. The expression patterns of Avtbx1 and Avgata4, which are mostly expressed in SIII, were also validated. In cluster SIII we also predicted and confirmed as highly expressed Avgli3, Avpka, Avtbx1 and Avmas genes (Fig. 6 ). The columns and bars represent the mean and the standard deviation of the three individual samples. The X axis represents the metamorphosis stages S0, SI-12 hpi, SII-36 hpi, SIII-12 dpi and SIV-23 dpi. The expression patterns of A. velasci homologous genes were grouped by their stage-specific expression pattern in heart during metamorphosis. These transcripts set code for proteins involved in heart development.
Discussion
In this study, we report the transcriptomic profiling during the metamorphosis process of A. velasci, for heart, lungs and gills. A. velasci is a facultative metamorphic organism endemic to Mexico, which becomes terrestrial in function of the environmental conditions. In contrast with neotenic species, terrestrial A. velasci salamanders are fully viable 66 . Our work represents the first one describing the transcriptional landscape of circulatory and respiratory organs in a metamorphic facultative species of the Ambystoma genus.
We first focused on the analysis of the transcriptional behavior of genes related to the THs pathway. In the case of thyroglobulin and dio2 we observed an increase in expression in SIII. This result is similar to that described in Microhyla fissipes 4 and coherent if we consider that THs are synthesized from thyroglobulin. The regulatory function of THs is mediated by thyroid hormone receptors 4 . We found four transcripts in A. velasci which seem to be homologous of TRα,TRβ, RXRα and RXRβ. The expression levels of AvTRβ are lower in the three organs compared to those of AvTRα, which is consistent with the observed behavior for these genes in the metamorphosis of other amphibians 6 . An increase in transcript levels of AvTRα is observed during SIII, this is similar to levels in metamorphosis climax in Xenopus and Rana catesbeiana 6 . It was demonstrated in mammals that the heart TRα expression is essential to maintain cardiac function after birth 63 . AvTRβ is upregulated in SIV in all three organs during metamorphosis, this result is in contrast to that described for Xenopus, which describes an initial increase in the ortholog gene during metamorphosis 6 . This result suggests that AvTRα transcriptionally responds initially and maintains the metamorphosis process until the climax in A. velasci.
Regarding the TH-responsive genes, we identified that the transcripts of hemoglobins hbe and hba 33 , are upregulated in heart, lungs and gills. Avhbe transcripts are more abundant in SI, while those of Avhba increase in SII similarly to what occurs during Xenopus metamorphosis 6 . Our results also suggest a similarity between the expression patterns of Avhbe and Avhba in SI and SII during metamorphosis in A. velasci and those of hemoglobins E and A during embryogenesis and in perinatal life of humans and mouse 33 . Since Hemoglobin A has a better affinity for oxygen molecules 33 , we speculate that Avhba expression increases during the transition from an aquatic to a terrestrial environment to cope with the drastic change in oxygen availability.
In SI at 12 hpi, we identify genes for THs response expressed in the heart, as well as involved in TGFβ pathway such as Avtgfbr1, Avsmad4, and Avsmad6 29 . The TGFβ pathway plays a direct role in heart development and has been associated with several pathogenesis related to heart failure 29, 58 .
In SII, we identified groups of genes expressed in heart that in vertebrates are related to the formation of coronary vasculature (gli3 and pka 34 ), cardiomyocyte differentiation (myh6 56, 58, 63 ) and atrial septation (gata4 27, 60 ). Some of these genes remain highly expressed in SIII. The formation of cardiac septa in vertebrates is carried out in different stages of morphogenesis. In Mus musculus, it occurs between stages E8.0-E14.0, while in X. laevis it occurs before metamorphosis in stages NF41-NF46. In A. mexicanum, the interatrial septum is formed during postembryonic development at stage 57 (subadult), but there is no evidence of valve formation between both chambers 67 , on the other hand only changes have been observed in the number and organization of cardiomyocytes in the ventricular zone, in such study authors focused in the ventricular zone and not in the atrial zone 21 . However, in metamorphic organisms such as A. tigrinum, after metamorphosis the main perfusion pathway is down to the entire length of the pulmonary artery that is located in the atrial zone 21 . The transcriptional profiles of the genes related to the morphogenesis of the atrial septum and the coronary vasculature suggest that this process begins during the SII of metamorphosis in A. velasci.
During lung SII, we identified genes associated with the stimulation for functional maturation of the surfactant-producing alveolar cells 58 . Such changes correlate with the gradual increase of Avfoxa2 transcripts observed in lungs transcriptomes in our study. In mice, Foxa2 protein plays a role in lubricating the lung with the production of surfactant protein preventing collapsing 62 . This suggests that the lung bud that is present in aquatic organisms starts to reprogram transcriptionally in order to improve its gas exchange capacity to adapt to the terrestrial environment. In mice, increased levels of available THs coincide with the acceleration of alveolar septation, suggesting that THs enhances the structural development of lungs 58 . This developmental process involves mecom 45 which regulates hematopoiesis and dnah11 46 that regulates the formation of the cilia structure in the respiratory system. In our study, the transcripts of Avmecom and Avdnah11 are enriched in SII, which suggests that the pulmonary bud present in aquatic organisms is being differentiated during metamorphosis until it becomes a terrestrial functional lung.
At the metamorphosis climax (SIII) of heart, the transcript levels of Avtbx1 are upregulated. It has been shown in M. musculus that the upregulation of this gene is associated with the formation of the aorto-pulmonary septum, which divides the aorta from the main pulmonary artery during embryogenesis (E9.0-E11.0). The pulmonary artery develops before birth when the pulmonary circulation is required for blood oxygenation 61 . This allows us to suggest that during the SIII of the metamorphosis in A. velasci a process similar to the development of the pulmonary vein is carried out, a phenomenon described in mammals in embryonic stages, which could be linked to the change of aquatic habits to terrestrial ones. We also identified Avitga4 as an upregulated transcript. In mammals, ITGA4 is involved in the formation of the coronary vessels in atrial-ventricular zone during embryogenesis 40 . The transcript levels of the Avmas ortholog are upregulated in heart. In humans, MAS functions as a receptor involved in the RAAS pathway which modulates liver, kidney and heart homeostasis 57 .
In SIV we identified genes that are putatively involved in alveolarization, a major process during late lung development. In such a process the formation of alveoli, the main gas exchange units, occurs in a THs-dependent manner 58 . In mammals the process of alveolarization starts after birth and hypothyroid lungs show progressively larger spaces, with less alveolar septations resulting in large sac-like alveoli 58 . Such inhibition of alveolar septation suggests an important role for thyroid hormone in the postnatal structural maturation of the lungs 58 . It was also reported that during early embryonic lung development, THs accelerate the epithelial and mesenchymal cell differentiation at the expense of branching morphogenesis and lung growth 58, 62 . We found that the transcript levels of the angptl3 that participates in the alveolarization during postnatal lung development in mammals, are increased at Stage IV of metamorphosis. This suggests that alveolarization may occur in the lungs during the final stage of metamorphosis, similarly to what occurs before and soon after birth in mammals.
During metamorphosis, the aquatic larvae of A. tigrinum carry out the gas exchange of O2 and CO2 mainly by the cutaneous and branchial way and, to a smaller proportion, by the lungs 64 . However, by the end of metamorphosis the branchial tissue has disappeared and terrestrial organisms obtain up to 60% of O2 through the metamorphic pulmonary system 64 . Branchial tissue progressive degradation during the metamorphosis process of A. mexicanum has been related to the increase in expression of genes whose function has been associated with apoptosis, such phenomenon correlates with the increase in expression of genes involved in developmental changes in the epidermis 24 . According to our results in the enriched cluster genes for gills we identified Avpkp1 whose ortholog has been involved in the formation of stratified epithelium during embryonic development in mammals 49 , while in the cluster of gradually decreasing genees in this tissue we identified rhcg, a gene that, in aquatic organisms, modulates the excretion of ammonium 51 . This could be related to the change of aquatic to amphibian habits, due to the fact that aquatic organisms excrete a greater amount of ammonium and less urea. As a result of the changes of habitats the skin also undergoes modifications to adapt to the new environment as previously described for A. mexicanum. In correlation with such changes, we found that Avhoxa7 transcripts increase in the gills transcriptome. HOXA7 expresses in suprabasal fetal human epidermis, with expression persisting in the adult epidermis but not in the dermis, correlating with its function in modulating the expression of keratin genes such as Avkrt7 52 . The process of keratinization of the skin allows organisms to modulate environmental dehydration retaining moisture 51 .
In conclusion, the profiling of the transcriptional programs and the respective molecular pathways underlying the morphophysiological changes in the circulatory and respiratory systems during metamorphosis, can help to better understand the complex developmental processes that allow amphibians to transit from aquatic to a terrestrial environment. Some of the pathways described as changing in heart and lung during A. velasci metamorphosis are related to pre and postnatal morphological events in mammals, both under normal developmental conditions as well as in human diseases associated with aberrant development and function of lung and heart. Finally, our work represents the first transcriptional landscape along the diverse stages of the metamorphosis of a viable metamorphic Ambystoma spp. This study becomes the foundation for the immediate generation of biological questions and their experimental test at organ, tissue, cellular and molecular levels. Such future experimentally approaches will shed light on the morphophysiological and molecular events that govern not only the metamorphosis phenomenon, but also heart and lung proper development and maturation.
